SRPrises in RNA–protein recognition  by Rupert, Peter B & Ferré-D’Amaré, Adrian R
Minireview R99
SRPrises in RNA–protein recognition
Peter B Rupert and Adrian R Ferré-D’Amaré*
The recent structure determination of the phylogenetically
conserved core of the signal recognition particle (SRP)
reveals a novel and highly unusual RNA–protein interface,
where non-canonical base pairs play a central role. The
structure shows how a helix–turn–helix motif can be
employed to bind RNA and offers hints as to how the
signal peptide is recognized by the SRP. 
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The signal recognition particle
The signal recognition particle (SRP) is a macromolecular
assembly the structure and function of which are con-
served across all three domains of life: archaea, bacteria,
and eukaria. Its existence was postulated by Blobel and
Sabatini in 1971 as part of their model of protein transloca-
tion across membranes (reviewed in [1]). Proteins targeted
to the cell membrane for either secretion or integration
typically have an N-terminal signal peptide that directs
them to their destination. The sequence of the signal
peptide is highly degenerate but in general consists of a
stretch of 15–30 hydrophobic amino acids preceded by a
basic residue [2]. As the nascent polypeptide chain exits
the ribosome, it is recognized and bound by the SRP. The
SRP–ribosome complex then binds to the SRP receptor,
which resides in the target membrane. Once bound, the
paused translation machinery docks with a protein translo-
cating pore, or channel, and the SRP releases the signal
peptide. Translation resumes with the growing peptide
integrating into or passing through the membrane. In a
GTP-dependent process, the SRP dissociates from its
receptor and then cycles back to the cytosol where it can
bind to another signal peptide (Figure 1a).
One of the more surprising findings to come out of studies
on the SRP by Blobel’s laboratory was that this particle con-
sists of protein subunits and an RNA component [3]. In
eukaryotes, the mammalian SRP comprises a 7S RNA and
six polypeptides, whereas the Escherichia coli version con-
tains a smaller 4.5S RNA and one protein, called Ffh
(Figure 1b). Ffh (or its eukaryotic ortholog, SRP54) recog-
nizes the signal peptide and also binds directly to the SRP
RNA. The RNA sequence at this cognate site, called
domain (or stem) IV, is also conserved in all forms of life. In
the past few years, a number of structure determinations of
SRP cycle components have been reported. These have
included the GTPase domains of Ffh and its receptor FtsY,
the SRP9/14 protein heterodimer, isolated fragments of 4.5S
RNA, as well as the signal peptidase, the protease that
cleaves the signal peptide once it has crossed the membrane
(reviewed in [4]). In addition, the GTPase domain from an
archael SRP54 is reported in this issue of Structure [5].
Because of its central role in SRP function, a number of
structural studies have focussed on Ffh/SRP54. This
protein consists of three domains: an N-terminal four-
helix bundle, a Ras-like GTPase or G domain, and a
methionine-rich C-terminal or M domain. The M
domain binds to both the signal peptide and the RNA
component of the SRP. Structures have been reported of
bacterial [6] and human [7] isolated M domains. In both
molecules, a hydrophobic groove is present on the
protein surface opposite a basic face of the M domain
with residues implicated in RNA-binding by site-
directed mutagenesis. In  crystallographic studies of both
molecules, this groove was found fortuitously to be occu-
pied by a hydrophobic segment of a neighboring M
domain, thereby providing a model of Ffh/SRP54–signal
peptide interaction. The tantalizing question of what the
RNA is doing in the SRP, and, specifically, whether or
not the nucleic acid plays any role in signal peptide
recognition, had to await the structure determination of
the protein–RNA complex. 
It has been noted that the majority of currently known bio-
logically functional RNAs are engaged either in RNA pro-
cessing or translation. This has been used as an argument
for a ‘history of life’ in which a primordial RNA world
(where RNA was responsible for both catalysis and storage
of genetic information) was superceded by an RNA–protein
world, and DNA did not appear until later. Thus, the appar-
ent lack of involvement of RNA in DNA replication or
recombination (e.g., see [8]). Three features of the SRP cor-
relate well with this scenario. First, its high degree of con-
servation in all living things. Second, the presence of an
integral RNA in all SRPs. Third, the fact that the SRP mod-
ulates translation. Translocation of proteins across mem-
branes must have arisen early in the history of life.
Structure of the universal core of the SRP
Batey et al. [9] have recently determined the crystal struc-
ture at 1.8 Å resolution of the M domain of E. coli Ffh
bound to its cognate site in 4.5S RNA. This high-resolu-
tion structure demonstrates novel modes of protein–RNA
recognition, and also offers an attractive explanation for
the evolutionary conservation of the RNA component of
the SRP. A simplified view of the structure of the complex
is shown in Figure 2a. The domain IV RNA can be
thought of as an A-form helix capped by a conserved
GNRA tetraloop. The regular helix is interrupted in two
segments. Eight nucleotides form a symmetric internal
loop with four nucleotides on each strand of the helix. An
additional five nucleotides form an asymmetric internal
loop with four nucleotides on one strand. Several
nucleotides on both loops are invariant throughout phy-
logeny. The new structure shows that the nucleotides in
the symmetric loop form a series of non-canonical base
pairs that result in a flattened minor groove face employed
for protein binding. The four nucleotides on the 5′ strand
of the asymmetric loop do not pair. Instead, they are
extruded into solvent by a bulge in the path of the RNA
backbone, and produce a platform onto which Ffh docks.
The structure of the Ffh M domain is very similar to that
of the isolated protein determined previously. Part of the
M domain structure that forms the hydrophobic groove of
Ffh is crystallographically disordered in the new structure,
presumably because it is not bound by a hydrophobic
peptide. Because of the high degree of similarity of avail-
able M domain structures, however, a reliable structural
superposition can be made. When this is done, one end of
the hypothetical signal peptide binding groove is found to
abut the negatively charged RNA backbone. We noted
above that signal peptides are characterized by an N-ter-
minal basic residue followed by a stretch of hydrophobic
residues. Thus, the cocrystal structure of Batey et al. sug-
gests a mode of SRP–signal peptide interaction in which
the RNA is responsible for recognizing the basic moiety of
the signal peptide, whereas the protein interacts with the
hydrophobic segment (Figure 2c).
Given the high resolution, it is not surprising to find
numerous crystallographically ordered water molecules
and metal ions in the Ffh–RNA structure of Batey et al.
[9]. A number of hydrated magnesium ions are present in
the complex, as is expected for RNA [10]. Of particular
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Figure 1
Functional cycle and structural components of
the signal recognition particle (SRP). (a) A
schematic representation of the SRP-mediated
targeting of proteins to cellular membranes.
Nascent proteins with a signal peptide are
bound by the SRP as they emerge from the
ribosome. The SRP receptor is an integral
membrane protein. The SRP delivers the
stalled ribosome to the protein secretion
channel by docking with its receptor.
Dissociation of the SRP from its receptor
requires hydrolysis of GTP. The signal peptide
is cleaved from the translocated protein by a
membrane-bound signal peptidase.
(b) Cartoon representations of the RNA
domains and protein components of the SRP
in eukaryotes (above) and E. coli (below). One
protein, SRP54/Ffh is conserved and shared
across all three domains of life, as is the RNA



























interest are two potassium ions that are present in the
symmetric loop of domain IV. One of them is responsible
for bridging several RNA functional groups, whereas the
other coordinates both RNA and protein ligands. Batey
et al. have employed the nucleotide analog interference
mapping method developed by Strobel and co-workers
[11] to demonstrate that both monovalent ions are
required for the protein–RNA association. This extends
the previously documented participation of monovalent
metal ions in stabilizing RNA structure (e.g., see [12–14])
to RNA–protein recognition.
An unexpected mode of binding by a helix–turn–helix
(HTH) motif
When they determined the structure of the isolated Ffh
M domain, Keenan et al. [6] noted that the amino acid
residues implicated by mutagensis experiments in RNA
binding formed part of a helix–turn–helix (HTH) motif.
The HTH is the prototypical DNA-binding motif, and is
employed by a variety of proteins ranging from bacterio-
phage and bacterial repressors to eukaryotic home-
odomain and winged-helix proteins (reviewed in [15]).
Bacterial HTH proteins usually recognize DNA as
dimers, whereas eukaryotic HTH proteins recognize
DNA both as dimers and monomers. The presence of an
HTH in a conserved SRP component argues that this
motif is indeed very ancient.
The HTH in Ffh/SRP54 is similar to that of the Lac
family of bacterial repressors. Its mode of interaction
with nucleic acid, however, is radically different
(Figure 3). Instead of employing the second helix of the
motif to read out the nucleic acid sequence by interac-
tions in the major groove, Ffh employs the first helix, as
well as the turn, to recognize unique minor groove struc-
tural elements in the SRP RNA through interactions
with non-canonical base pairs and one of the bound
potassium ions. In addition, the compression in the
major groove resulting from the path of the asymmetric
loop (Figures 1a,4a) allows an absolutely conserved argi-
nine from the N-terminal side of the first HTH helix to
stack above the universally conserved 5′-adenosine of
the loop (Figure 4a).
The use by Ffh of an α helix to recognize minor groove
features differs from previously documented modes of
protein–RNA binding. The prototypical RNA-binding
motif, the RRM, recognizes single-stranded RNA
through interactions on the surface of a β sheet [16].
These interactions include stacking of aromatic amino
acids between nucleotide bases; this type of contact is
conspicuously absent in the Ffh–RNA complex. Ffh also
differs in its mode of RNA-binding from other recently
documented examples, for instance, the KH domain,
which utilizes a mixed α–β-loop platform [17], or riboso-
mal protein L30, which employs a series of loops emanat-
ing from an α–β fold [18]. The Rev protein of human
immunodeficiency virus 1 (HIV-1) employs an α helix to
bind RNA, but the association takes place in a widened
major groove [19]. HIV-1 nucleocapsid protein inserts a
310 helix into the major groove and also associates closely
with the GGAG tetraloop capping its cognate stem-loop
[20]. Ffh makes no interactions with the conserved
tetraloop that closes domain IV. Ribosomal protein L11
employs an α helix to associate with the minor groove of
its target [21,22]. The conformation of its target RNA,
however, does not allow L11 to extend its footprint across
the major groove.
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Figure 2
Structure of the universally conserved core of
the SRP. (a) Overall view of the Ffh–RNA
complex ([9] Protein Data Bank [PDB]
accession code 1DUL). The protein is shown
in ribbon representation and is colored gray.
The RNA is shown in cyan; nucleotides in the
asymmetric loop are in yellow and nucleotides
in the symmetric loop in orange. (b) Overlay of
free domain IV RNA, as determined using
NMR ([23] PDB accession code 1CQ5; dark
blue) and RNA in complex with Ffh (colored
as in (a)). The root mean square deviation
(rmsd) for 43 phosphorus atoms is 5.0 Å.
(c) Hypothetical model of signal peptide
recognition by core SRP. In this space-filling
representation, the peptide is shown in yellow
with its N-terminal basic residue depicted in
dark blue. Ffh is colored gray with the
hydrophobic residues lining the presumed
binding cleft in orange. The RNA is shown in
cyan with the phosphate groups in red. The
figure was generated by superimposing the
Cα coordinates of the free Ffh M domain ([6]
PDB accession code 2FFH) on those of the
Ffh–RNA complex (rmsd for 29 Cα atoms is
0.6 Å), and docking a hypothetical signal
peptide manually. This figure was generated
with RIBBONS [29].
Induced fit or rigid-body docking?
Three of the four extruded bases of the asymmetric loop
stack on each other and form a platform (Figure 4a). Ffh
docks onto it by stacking the guanidinium group of Arg398
(E. coli numbering) onto the base of adenosine 39. The
stacking interaction is held in place by a network of hydro-
gen bonds in which a buried salt bridge between Glu386
and Arg401 plays a central role. This salt bridge also tethers
the stack onto the backbone of the symmetric loop, one
helical turn above. The buried salt bridge reaches across
from the symmetric to the asymmetric loop. This is possi-
ble because the extruded backbone of the latter loop is
pushed up such that the major groove is extremely narrow
in its vicinity. So narrow, in fact, that a hydrogen bond is
formed between a 2′-hydroxyl group of the asymmetric
loop and a phosphate oxygen of the symmetric loop.
The non-canonical base pairs that comprise the symmetric
loop include two distinctly different A•C pairs and a G•G
pair that is held by a hydrogen bond and by coordination
of a potassium ion (Figure 4b). The conformation of the
RNA in this region results in a flattened minor groove, the
bottom of which bristles with base functional groups pro-
truding so as to be recognized by Ffh. 
The buried arginine–glutamate salt bridge at the core of
the RNA–protein association (Figure 4a) is present in
nearly identical form in the unbound Ffh/SRP54 struc-
tures. The protein appears to dock to the RNA as a rigid
body. Superposition of the domain IV RNA in complex
with Ffh and the nuclear magnetic resonance (NMR)
structure of the free RNA in solution [23] implies that the
RNA undergoes substantial induced fit upon binding
(Figure 2b). In the NMR structure, both the symmetric
and asymmetric loops have backbone conformations and
base-pairing schemes that are different from those
observed in the complex. 
Recently, however, Jovine et al. [24] have determined the
crystal structure of an RNA that comprises sequences
from domain IV RNA of E. coli. These authors set out to
obtain crystals of the stem-loop conformation of domain
IV. As often happens when such sequences are crystal-
lized [25], however, crystal packing selected the unnatural
dimeric duplex form. Nonetheless, because Ffh does not
interact with the tetraloop of domain IV (which is absent
from the duplex structure) it is instructive to compare the
conformation of the RNA in this crystal with that seen in
the Ffh–RNA complex. Superposition of the symmetric
and asymmetric loops yields a root mean square deviation
(rmsd) of 0.72 Å, suggesting that, to a first approximation,
both RNA and Ffh behave as rigid bodies when they asso-
ciate. Because binding-induced organization of the RNA
would incur an entropic penalty, rigid-body binding would
be most consistent with the very tight binding between
Ffh and domain IV (Kd 40 pM [9]).
If such rigid-body docking is the rule rather than the
exception for RNA–protein interactions in the SRP, the
crystal structure of domain III (also called helix 6) of the
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Figure 3
Comparison of the modes of interaction of the
HTH motif with nucleic acids. Both HTH
motifs are colored with the N-terminal helix
shown in red, the turn in yellow, and the
canonical recognition helix in green. A bound
potassium ion is represented by a magenta
sphere. (a,b) The Ffh M domain HTH binding
in the minor groove of RNA. (c,d) The HTH
from the purine repressor DNA complex ([30]
PDB accession code 1PNR) oriented in a
similar manner with respect to the HTH motif.
The rmsd between HTH motifs is 0.6 Å for 21
Cα atoms. ‘M’ and ‘m’ refer to the major and
minor grooves, respectively. This figure was
created using RIBBONS [29].
human 7S RNA reported last year by Wild et al. [26] might
offer hints regarding the association of this RNA and its
partner protein SRP19. These authors also found that
instead of forming the natural hairpin, their RNA crystal-
lized as a duplex (Figure 4c, left). In this case, it is known
that the RNA–protein association involves both the stem
and the loop of the RNA. Therefore, this RNA structure
does not present all of the determinants for recognition by
SRP19. The conformation of the RNA in a region sur-
rounding two successive A•C pairs is suggestive of preorga-
nization for recognition by protein (Figure 4c, right). The
A•C pairs form a widened major groove that could accom-
modate an α helix, and also a flattened minor groove that
could be employed for recognition. A number of crystallo-
graphically ordered water molecules observed in this 2 Å
structure could be displaced by protein binding.
The A•C pairs observed in this structure imply that the
N1 nitrogen of the paired adenosines must be protonated.
The pKa of this functional group in the free nucleoside is
~3.5. Because the crystals of Wild et al. were grown at
pH 5.5, the local conformation of the RNA induces a pKa
shift of ~2 pH units. The biochemical importance of such
pKa shifts goes well beyond RNA–protein recognition.
Recent work has demonstrated that similar changes in
nucleotide ionization state underlie acid–base catalysis by
at least one type of naturally occurring catalytic RNA, the
hepatitis delta virus ribozyme [27,28].
These recent advances in understanding the structural
underpinnings of SRP function no doubt are but a preface
to further structure determinations to come. In particular,
we look forward to the determination of the structures of
higher order complexes. A structure of an authentic signal
peptide complexed with Ffh and RNA might confirm the
model represented in Figure 2c. A structure of this ternary
complex bound to the SRP receptor might offer hints as to
the role of GTP hydrolysis in the functional cycle of the
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Figure 4
Atomic details of SRP RNA–protein interactions. (a) View of the
Ffh–RNA interface showing the asymmetric loop residues in yellow
and symmetric loop residues in orange. The orientation and color
scheme are as in Figure 2a. Oxygen and nitrogen atoms making key
interactions are highlighted in red and blue, respectively; phosphorus
atoms are in green. Selected hydrogen bonds and metal–RNA
interactions are denoted by double-headed arrows. (b) View of the
symmetric loop showing four non-canonical base pairs, colored as in
(a). Backbone atoms for residues A60 through A63 have been omitted
for clarity. Oxygens and nitrogens that line the flattened minor groove
edge and interact with the protein are colored in red and blue, as are
those stabilizing the non-canonical base pairs. The magenta sphere is
the same potassium ion depicted in Figures 3a and b. (c) An overall
view of the SRP RNA domain III (helix 6) duplex structure determined
by Wild et al. ([26] PDB accession code 1D4R) is shown on the left.
Nucleotides that would form a tetraloop in the hairpin form of the
domain are colored green; those forming two adjacent non-canonical
A•C pairs are colored orange. A detailed view of the non-canonical
pairs is shown on the right. Three crystallographically observed water
molecules are depicted as blue spheres. Note how the non-canonical
pairing presents a unique pattern of functional groups in both the
minor and major grooves of the RNA. These could be exploited for
recognition by the cognate protein SRP19 (Figure 1b); see text for
details. This figure was created using RIBBONS [29].
ribonucleoprotein. How the GTPases are activated, and
how the SRP causes translation to pause are some of the
outstanding questions that call for structural answers. 
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